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THE EFFECT OF COLD FORMING ON TYPE 3CR12 SQUARE TUBES. 
Rudolph Laubschef 
SUMMARY 
A non linear finite element simulation is conducted which completely simulates the forming of the 
tube from flat virgin plate to its final shape. The predicted residual stresses and amount of cold 
forming in the tube sides and comers are then compared to actual experimental data from cold 
formed tubes where the initial material properties and the material properties after the cold 
forming process are known. 
This illustrates the usefulness of the non linear finite element method in predicting how the 
material properties change during cold forming and gives a useful insight in what the actual 
condition of the material is after cold forming. 
INTRODUCTION 
Type 3CRI2 steel (or 1.4003 steel as it is also known) is a corrosion resisting steel containing 
between 11 and 12 % chromium and less than 1.5 % manganese and less tluin 1.5 % nickel. It was 
specifically developed as a cheaper and weldable alternative to stainless steel. Type 3CRI2 steel 
square and rectangular tubes are extensively used throughout Europe and South Africa in the 
manufactl,lI"e of bus frames. Various projects are underway to investigate their structural 
behaviour when subjected to static and dynamic loads 1.2. Some manufacturers of these tubes have 
expressed their concern about the formability limits of Type 3CRI2 steel during the tube 
manufacturing process. This investigation attempts to investigate the influence of the cold forming 
process on the eventual material properties in the manufacture of these tubes. 
Currently, tubes ranging in sizes from 20x20 mm to IOox40 mm and wall thicknesses ranging 
from 1.6 to 3.0 miD. are frequently manufactured for exclusive use in bus frame manufacture. 
These tubes are' all cold formed. Sheet of the required thickness is cut to size and then rolled into 
circular tubes and welded. The circular tubes are then formed into the required rectangular or 
square shape. This cold forming operation causes the material to work harden to different degrees 
depending on its location. Firstly the circwar forming operation causes the material in the whole 
tube to work harden. In the square or rectangular forming operation, further work hardening is 
introduced especially in the comers. On the removal of the square or rectangular forming tools 
further local work hardening may result because of the induced residual stresses during forming. 
In the current investigation a typical scenario is investigated. The effect of the forming operations 
on a 40 mm square tube with a wall thickness of3 mm is investigated. 
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Essentially the experimental investigation consisted offorming a 40 rom square tube from 3 rom 
Type 3CR12 sted sheet and then to measure the yield strength and the effective plastic strain 
along the section. These two quantities were found by measuring the hardness values along the 
section and then to relate this to calibrated material experimental data. A relationship between the 
experimentally determined hardness values and the yield strength and effective plastic strain then 
needed to be found. This approach has been previously used by Macdonald et. al. 3 on Type 304 
stainless steel and compared to data generated by Van den Berg and Van der Merwe 4. Macdonald 
found this relationship by equating the harness to the yield strength from data obtained 
experimentally from virgin sheet. He concluded that this approach was not particularly successful 
as the data does not hold for the strain hardening region, it holds only for the virgin sheet. 
Material properties 
In the current approach it is proposed to extend the relationship between the yield strength and 
the hardness into the strain hardening region. To do this, hardness values along with the 
mechanical properties of the material involved, needed to be measured experimentally at different 
effective plastic strains. In the current investigation this was obtained by incrementally rolling 
down the virgin material on a laboratory cold roll until the maximum full hard temper (rolling 
occurred along the longitudinally rolled down direction of the original sheet). Tensile coupons 
were machined from the various incrementally rolled down specimens and tested. The tensile 
testing were conducted according to procedures outlined in ASTM A370-77 6 on an Instron 
tensile testing machine. 
The hardness values were obtained by mounting specimens of the rolled sections and then to 
measure the hardness by using a Vickers Micro Hardness Tester with a 200 gm load. 
The results of the material testing are presented in Table 1. -Ifhree rom sheet specimens were rolled 
down to approximately 55 % of its original thickness in increments of5 %. The elastic modulus, 
yield strength, and elongation were determined for the different roll reductions and roll linear 
elongationsii. The hardness values of the different roll reduced specimens were also measured, the 
values presented being the average offive measurements. 
The Vickers Hardness number is plotted as a function of the linear roll elongation in Figure 1. The 
yield strength and tensile strength is plotted as a function of the Vickers Hardness Number in 
Figure 2. A linear regression fit of the yield strength was also conducted and is also plotted in 
Figure 2. The equation for this straight line (r2 = 0.98) is given by: 
Fy = 4.22xVHN - 435 
This relationship was used throughout to transform measured hardness values to yield strength 
values. 
The elongation of the virgin strip caused by the roll reduction. 
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Tube forming and sectional hardness testing 
The tube forming and measurements occurred in three steps . 
• Firstly a predetermined length of sheet was cut and then formed into a circular tube on a tube 
forming machine and then welded (see Figure 3a). 
·Secondly the circular tube was formed into a 40 mm square tube by using mechanical screw type 
tools (see Figure 3b). 
·Lastlya section of the tube was cut, mounted, polished and hardness values were measured along 
the section. 
The hardness values were measured along each line in Figure 4. Eleven measurements were made 
along each line with the two outermost measurements along any specific line made as near as 
possible to the edge. 
The results are presented in Figure 5 as a contour plot depicting yield stress as a function of the 
position around the corner (Figure 4) and the plate thickness. A maximum yield stress of 620 :MPa 
was measured on the inside edge of the corner and 555 :MPa on the outside. The average yield 
strength experimental data (across the thickness of the section at different positions) is presented 
along with the finite element results in Figures 8,9 and 12. The average yield strength of the virgin 
material increased from 314:MPa to 388 :MPa as a direct result of the circular forming operation. 
A maximum average yield strength of 493:MPa was measured experimentally in the corner. This 
drops down to a minimum of398:MPa at the edge ofthe corner and then rises again in the flat 
section to 415 :MPa. 
Table 1. Material properties for the rolled down specimen for Type 3CR12 steel. 
Specimen E Fy Fu VHN Elongation Roll Roll linear 
no. 0.2% 200gm 50mm Reduction Elongation 
(GPa) (MPa) (MPa) 
TO_1 187 314 459 182 0.28 0 0 
TO 2 185 313 460 182 0.28 0 0 
T5_1 191 465 496 210 0.23 0.06 0.05 
T5_2 190 446 490 209 0.26 0.045 0.05 
T10_1 185 500 531 221 0.09 0.103 0.09 
T10_2 182 514 522 223 0.08 0.097 0.08 
T201 192 592 610 236 0.05 0.217 0.24 
T20_2 187 587 602 237 0.04 0.193 0.235 
T30_1 191 635 635 251 0.05 0.303 0.43 
T30_2 192 641 641 252 0.06 0.297 0.42 
T4O_1 190 636 655 263 < 0.01 0.379 0.633 
T4O_2 194 650 661 264 < 0.01 0.397 0.615 
T45_1 192 703 704 269 < 0.01 . 0.524 0.965 
T45 2 197 708 711 270 < 0.01 0.497 0.985 
T501 196 711 715 273 < 0.01 0.552 1.17 
T502 187 710 716 275 < 0.01 0.548 1.17 
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Figure 5. Experimental yield contour plot. 
FINITE ELEMENT MODELING 
3 
Finite element modeling is a powerful numerical modeling technique which is frequently used in 
situations where simple analytical techniques fail because of over simplification. Usually analytical 
techniques fail because of a too complex geometry, non linear material behaviour, large 
deformations and contact interactions. Non linear finite element analysis allows one to model all 
of the above mentioned difficulties. 
The aim of the current analysis is to investigate the viability as a tool of finite element analysis in 
predicting the corner properties of Type 3CR 12 steel tubes. This is not meant to be an exhaustive 
investigation into the tube forming operation but rather how well the finite element analysis 
numerical method predicts the corner properties and how this compares to experimentally 
measured values. The nonlinear finite element code Abaqus was used throughout. 
Finite element model 
Because of symmetry conditions it is only necessary to model a quarter of the tube section. The 
analysis was also conducted in two dimensions. Two dimensional first order quadrilateral plane 
stress elements were used to model the tube forming (a total of605 elements). 
Non linearities which had to be taken into account in the analysis were: non linear geometry (the 
geometry changes during the analysis), non linear material behaviour (elastic plastic behaviour) 
and contact interactions (between tube and the forming tools) . Contact surfaces were defined 
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along all the relevant tube and tool contact interfaces. 
The analysis proceeded in four basic steps. In step one the flat plate was formed around a circular 
tube forming tool by specifying a distributed load on the bottom surface of the flat plate and 
rotating the left edge of the plate through 90 degrees (see figure 6b). In step two the circular tool 
along with the contact interface is removed and boundary conditions are applied along both edges 
which allows movement of the edges only in the radial direction. In step three the circular tube is 
formed into a square tube by defining contact surfaces on the outside of the circular tube and 
+ 
Vertical form tool 
Circular form tool 
L Horizontal form tool 
(a) (b) 
(c) 
Figure 6. Finite element model and displacement plots. 
along the two rectangular forming tools and displacing the two forming tools inward (see Figure 
6.c). In the last step the two square tube forming tools are removed along with their contact 
interface causing some spring back to occur. 
Material modeling 
The elastic plastic material behaviour of Type 3CR12 steel needed to be taken into account. 
Fundamentally a true stress- true strain curve is needed for the material that is applicable in 
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Figure 7. Type 3CR12 Steel Stress-strain curve used in simulation. 
0.8 
maximum plastic deformation most steels can withstand is substantially larger in compression than 
in tension. In this case large compressive strains is expected in the corners. The stress strain curve 
used was thus obtained by plotting the various yield stresses as a function 'of the linear rolling 
elongation as obtained in the cold rolling experiments. The stress strain curve including the elastic 
region of the virgin strip is used up to 0.5 % strain. The rest ofthe curve consists as was 
mentioned above of the various other yield stresses obtained at the different plastic strains. The 
complete stress strain curve used, is presented in Figure 7. 
Modeling results 
A yield strength contour plot of the circular tube is presented in Figure 8. The average yield 
strength of the tube material increased from 314 MPa for the virgin material to 397 MPa because 
of the circular forming operation. Experimentally this was measured at 388 MPa. The final yield 
strength state of the tube is presented in Figure 9. The average yield strength along the section 
rises form 314 MPa for the virgin material to 431 MPa on the flat sections of the tube and a 
maximum in the corner of 51 0 MPa. This compares well with the experimentally measured value 
of 415 MPa on the flat sections and 493 MPa in the corner. A maximum of638 MPa is predicted 
in the inside corner on the surface .. Again a somewhat lower value was measured experimentally 
at 620 MPa on the inside surface of the corner. 
In Figure 10 and 11 principal stress contour plots are presented before and after final tool 
removal. What is interesting here is that before the final tool removal the inside corner is at a 
compressive stress of 320 MPa. This is to be expected on the inside corner during bending. With 
the final tool removed this changes to a tensile stress of 684 MPa. This is caused by the 
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residual stress condition of the tube caused by the cold forming. Iffailure of the tube is to occur 
during the manufacturing process it will most probably occur at the inside corner of the tube 
because of the large residual tensile stress in this region. 
DISCUSSION 
The hardness measuring method for determining the yield stress condition of thin wal1ed sections 
was found to give good results providing adequate mechanical properties of the material is 
available. To provide this information the material under investigation needs to be tested at 
different plastic strains which was achieved in this case by rol1ing the sheet under investigation 
down to different hardness tempers and then to conduct tensile tests on them. Testing the material 
only in its virgin condition is not enough, one needs to test the material at different cold worked 
conditions. The material properties found in this manner can then be used in numerical method 
analysis such as the finite element method to predict the end condition of typical cold formed 
sections. For al1 intends and practical purposes the experimental and finite element results 
compared well with each other, the largest difference being less than 5 %. This implies that if 
reliable and adequate material information is available, the non linear finite element method can be 
used to predict the average yield strength increase of the corner sections of cold formed sections. 
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Figure 8. Yield Stress contour plot associated with the circular tube forming 
process. The value on the right hand side of the tube section depicts the average 
yield strength accross the tube thickness (value in brackets is the experimentally 
measured value). 














Figure 9. Final yield stress contour plot. The values on the right hand side of 
the tube section depicts the average yield strength accross the tube thickness 
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Figure 12. Average yield strength plotted as a function of position along the corner. 

